DNA in intracellular Salmonella enterica serovar Typhimurium relaxes during growth in the acidified (pH 4-5) macrophage vacuole and DNA relaxation correlates with the upregulation of Salmonella genes involved in adaptation to the macrophage environment. Bacterial ATP levels did not increase during adaptation to acid pH unless the bacterium was deficient in MgtC, a cytoplasmic-membrane-located inhibitor of proton-driven F 1 F 0 ATP synthase activity. Inhibiting ATP binding by DNA gyrase and topo IV with novobiocin enhanced the effect of low pH on DNA relaxation. Bacteria expressing novobiocinresistant (Nov R ) derivatives of gyrase or topo IV also exhibited DNA relaxation at acid pH, although further relaxation with novobiocin was not seen in the strain with Nov R gyrase. Thus, inhibition of the negative supercoiling activity of gyrase was the primary cause of enhanced DNA relaxation in drug-treated bacteria. The Salmonella cytosol reaches pH 5-6 in response to an external pH of 4-5: the ATP-dependent DNA supercoiling activity of purified gyrase was progressively inhibited by lowering the pH in this range, as was the ATP-dependent DNA relaxation activity of topo IV. We propose that DNA relaxation in Salmonella within macrophage is due to acid-mediated impairment of the negative supercoiling activity of gyrase.
Introduction
Salmonella enterica serovar Typhimurium is a facultative intracellular pathogen that is capable of invading the cells of the epithelium lining the small intestine (Valdez et al., 2009) . If, having passed the epithelial layer, S. Typhimurium is engulfed by a macrophage, it can survive in the acidified macrophage vacuole where it experiences an external pH as low as 4-5 (Rathman et al., 1996; Groisman and Ochman, 1997; Figueira and Holden, 2012) . S. Typhimurium uses specialist genes located in its SPI2 pathogenicity island to adapt to life in the macrophage vacuole and to block vacuolar fusion with phagosomes (Hensel, 2000; Figueira and Holden, 2012; van der Heijden and Finlay, 2012) . The transcription of these virulence genes is acid inducible and requires transcription factors encoded by genes in SPI2 (ssrB) and in the core genome (including, inter alia, ompR, phoP and slyA) of the bacterium (Feng et al., 2003 (Feng et al., , 2004 Rhen and Dorman, 2005; Carroll et al., 2009; Fass and Groisman, 2009; Xu and Hensel, 2010; Walthers et al., 2011; Colgan et al., 2016) . The OmpR protein is a winged helix-turn-helix response regulator (Martínez-Hackert and Stock, 1997; Rhee et al., 2008) that controls SPI2 gene expression positively in bacteria growing at acidic pH (Garmendia et al., 2003; Kim and Falkow, 2004) . The ompR gene is autoregulated and is critical for acid-sensitive regulation of transcription (Bang et al., 2000 (Bang et al., , 2002 . It has a preference, both in vitro and in vivo, for binding to DNA targets that are relaxed rather than negatively supercoiled (Cameron et al., 2012; Quinn et al., 2014; Dorman and Dorman, 2017) .
Salmonella adapts to the low pH environment of the acidified macrophage vacuole in part by a carefully managed, OmpR-dependent, acidification of its own cytosol to values in the range of pH 5-6 (Chakraborty et al., 2015 (Chakraborty et al., , 2017 . DNA in Salmonella becomes relaxed when the bacterium resides in the acidified macrophage vacuole ( O Cr oinín et al., 2006) . Relaxing Salmonella DNA during growth in vitro mimics the effect of acid treatment on Salmonella both at the level of DNA topology and at the level of the transcriptional response: it results in enhanced binding of the OmpR protein to its chromosomal targets and to the up-regulation of the SPI2 virulence genes ( O Cr oinín et al., 2006; Quinn et al., 2014) .
Salmonella Typhimurium has four topoisomerases: two type II topoisomerases that bind ATP (DNA gyrase and topo IV) and two type I topoisomerases that are ATP-independent (topo I and topo III). DNA gyrase introduces negative supercoils into DNA (Gellert et al., 1976a; Higgins et al., 1978; N€ ollmann et al., 2007) and also has an ATP-independent DNA-relaxing activity (Gellert et al., 1977; Higgins et al., 1978; Williams and Maxwell, 1999) . Topo IV is a decatenase; unlike gyrase, topo IV uses ATP to relax positive and negative supercoils (Kato et al., 1992; Peng and Marians, 1993; Crisona and Cozzarelli, 2006; Bates and Maxwell, 2007; Zawadzki et al., 2015) . Both gyrase and topo IV are essential enzymes, and knockout mutations in the genes that encode them are lethal. The type IA topoisomerase, topo I, is a DNA relaxing enzyme that acts independently of ATP (Dekker et al., 2002) . Topo III is another ATP-independent type I topoisomerase; its principal function is as a decatenase (Nurse et al., 2003; PerezCheeks et al., 2012) .
DNA supercoiling set points vary as a function of the growth phase of the bacterium: negative supercoiling is associated with periods of rapid growth and high metabolic flux with the DNA becoming more relaxed in stationary phase (Conter et al., 1997) . This has been interpreted as reflecting the impact of changes to the [ATP]/[ADP] ratio as metabolic flux rises and falls through the growth cycle (Westerhoff et al., 1988; van Workum et al., 1996) . Other work has suggested that the impact of ATP concentration on gyrase activity may be restricted to certain events in growth, such as nutritional upshift, salt shock or transition to anaerobic growth (Balke and Gralla, 1987; Hsieh et al., 1991a Hsieh et al., , 1991b Travers and Muskhelishvili, 2005) . Thus, changes to the bacterial growth rate resulting from environmental shocks may result in alterations to DNA supercoiling that in turn change the pattern of gene expression.
MgtC is a cytoplasmic membrane protein that contacts and inhibits the ATP synthesis activity of the Salmonella F 1 F 0 ATP synthase (Lee et al., 2013) . This allows MgtC to modulate ATP synthase activity when the bacterium is in an acidic environment, such as the macrophage vacuole, where a high inward proton flux would otherwise be expected to increase ATP synthesis (Fig. 1) . The OmpR protein controls the expression of a large regulon of genes in S. Typhimurium, linking virulence and housekeeping gene control circuits (Quinn et al., 2014) . OmpR binds to the mgtC gene promoter in vivo and in vitro and is required for induction of mgtC transcription in bacteria undergoing acid stress at pH 4.5 (Quinn et al., 2014) . Thus, the loss of MgtC expression in an mgtC knockout mutant, with the associated failure to maintain ATP homeostasis, might change type II topoisomerase activity and hence DNA supercoiling set points.
In previous work, we showed that a negatively supercoiled reporter plasmid became relaxed in S. Typhimurium growing at pH 4.5 compared with a control at pH 7 ( O Cr oinín et al., 2006; Quinn et al., 2014) . The same trend has been seen in S. Typhimurium growing at pH 5 and 8 (Karem and Foster, 1993) . Here, we explored the mechanism responsible for the observed relaxation of supercoiled DNA in Salmonella cultured at low pH. We investigated the possibility that MgtC might play a role in promoting DNA relaxation in S. Typhimurium during adaptation to acid stress and that this might involve a link between MgtC, ATP levels and type II topoisomerase activity. We discovered instead that acid stress attenuates the negative supercoiling and the DNA relaxing activities of DNA gyrase, resulting in an overall DNA The large oval represents the vacuolar membrane and its vacuolar ATPase (V-ATPase) is shown. ATP hydrolysis is accompanied by transport of protons into the vacuole, lowering the pH to approximately 4-5. A Salmonella bacterium in the vacuole uses proton transport through its F 1 F 0 -ATPase to synthesize ATP, an activity that is modulated by the cytoplasmic membrane protein MgtC, an inhibitor of ATP synthesis. Transport of protons into the bacterial cytoplasm results acidification in the range pH 5-6 (Lee et al., 2013; Chakraborty et al., 2015; Choi and Groisman, 2016). relaxation in vivo, and that this occurs independently of the effects of coumarin antibiotics that target the ATPase activity of DNA gyrase.
Results
Relaxation of DNA in SL1344 grown at pH 4.0
Wild-type S. Typhimurium strain SL1344 carrying plasmid pUC18 as a reporter of DNA topology was grown at 378C in 0.81 mM magnesium E-minimal medium at pH 7, and either adjusted to pH 4, following preadaptation at pH 5, or kept at pH 7 for 30 min (see Experimental procedures). Plasmids are covalently closed molecules; they preserve the linking number set in the cytoplasm prior to extraction from cells. Plasmids were isolated and their topoisomers separated by electrophoresis in 1% agarose containing 2.5 lg ml 21 of the DNA intercalating agent chloroquine (Fig. 2) . Plasmid DNA from the pH 7 sample migrated as negatively supercoiled topoisomers; plasmid from the pH 4 culture was less supercoiled, i.e., the DNA migrated as more relaxed topoisomers, showing a linking number change of 13 to 14, equivalent to relaxation of 19% of the supercoils ( Fig. 2A , compare lanes 1 and 4). This relaxation of plasmid DNA in SL1344 grown under acidic stress was consistent with previous findings (Karem and Foster, 1993; Quinn et al., 2014) . Chromosomal DNA relaxation of this extent has been shown previously to result in widespread changes to gene expression (Steck et al., 1984) . Novobiocin inhibits the negative supercoiling activity of DNA gyrase by competing with ATP for access to the ATPase in the GyrB subunit of the topoisomerase (Sugino and Cozzarelli, 1980; Gellert et al., 1976b; Gormley et al., 1996; Lewis et al., 1996; Kampranis et al., 1999) . Similarly, the gyrase-inhibiting coumarin drug coumermycin also causes chromosome relaxation (Drlica and Snyder, 1978) . The addition of 10 or 25 lg ml 21 novobiocin resulted in a dose-dependent DNA relaxation in SL1344 at both pH 7 and pH 4 ( Fig.  2A , lanes 2, 3, 5 and 6). These concentrations of novobiocin were in a range that is sub-inhibitory to the growth of Salmonella ( O Cr oinín et al., 2006) . Treating the pH 4 culture with either 10 or 25 lg ml 21 novobiocin resulted in a much greater degree of relaxation of the DNA than was seen in the drug-free pH 4 sample: a linking number change of approximately 19 was seen, equivalent to a loss of 50% of the negative supercoils ( Fig. 2A , lanes 4, 5 and 6). In the pH 7 culture, the effect of 10 lg ml 21 novobiocin was similar to the degree of relaxation seen in the drug-free pH 4 culture ( Fig. 2A , compare lanes 2 and 4). Novobiocin at 10 lg ml 21 resulted in greater DNA relaxation at pH 4 than at pH 7. This was consistent with the known ability of acid treatment to enhance the uptake of novobiocin by the bacterium (Ofek et al., 1994; Pomares et al., 2013; see Discussion) .
MgtC and DNA topology
The MgtC protein is essential for intracellular survival of Salmonella and plays a role in modulating ATP Topoisomers of plasmid pUC18 were separated by electrophoresis on 1% agarose gels containing 2.5 mg ml 21 chloroquine. The plasmids were extracted from bacterial cultures grown at pH 4 or 7, treated with the indicated concentrations of novobiocin (as described in Experimental procedures). Data are presented for (A) the wild-type strain SL1344 and (B) its mgtC mutant derivative; (C) the novobiocin-resistant gyrB R136C strain and (D) its mgtC derivative (middle row) and (E) the strain harbouring the novobiocin-resistant allele parE R132C and (F) its mgtC derivative (bottom row). Electrophoresis was from top to bottom (indicated by vertical arrow at left) and the most negatively supercoiled topoisomers have run furthest in the gels. Each gel is representative of at least three independent biological replicates.
synthesis (Lee et al., 2013) . This led us to test the possibility that MgtC activity might contribute to DNA relaxation in SL1344 at pH 4. Plasmid pUC18 was again used as a DNA topological reporter in the DmgtC derivative of SL1344. Plasmids were extracted from bacterial cultures grown at pH 4 or pH 7 and their topoisomers were separated by electrophoresis on agarose gels containing chloroquine (Fig. 2B) . The topoisomer profile of the pUC18 reporter plasmid obtained from the mgtC mutant was very similar to that seen with the pUC18 from wild type (compare Fig. 2A and B) . Treatment of the mgtC mutant with novobiocin displayed a response that was indistinguishable from the wild type both at pH 7 (Fig.  2B , lanes 1-3) and at pH 4 (Fig. 2B , lanes 4-6).
[ATP] i homeostasis in SL1344 is compromised by deletion of mgtC DNA relaxation in SL1344 exposed to pH 4 could have had various causes. A decline in intracellular ATP might have impaired the negative supercoiling activity of DNA gyrase, leaving its ATP-independent DNA relaxing activity intact. If ATP levels increase in Salmonella cells exposed to acid stress (Lee et al., 2013; Chakraborty et al., 2015) , these increased levels of ATP could stimulate topoisomerase IV to relax negatively supercoiled DNA, although the topo IV DNA relaxing activity is known to be weak (Kato et al., 1992; Peng and Marians, 1993; Crisona and Cozzarelli, 2006; Bates and Maxwell, 2007; Zawadzki et al., 2015) . As a first step in investigating the cause of DNA relaxation in SL1344 grown at pH 4, the intracellular concentration of ATP in pmol per colony-forming-unit was measured in S. Typhimurium strain SL1344 growing in 0.81 mM magnesium E-minimal medium at pH 4 and pH 7 (Fig. 3 ). This concentration of magnesium produces a 20-fold upregulation of mgtC gene expression in acid-grown bacteria compared with those grown at neutral pH (Quinn et al., 2014) . The level of ATP was found not to vary as the pH was reduced from 7 to 4 (Fig. 3) .
The MgtC protein has been implicated in maintaining a homeostatic ATP balance in bacteria undergoing a switch from neutral to acid pH (Lee et al., 2013) . MgtC is a cytoplasmic membrane protein that interacts with the alpha subunit of ATP synthase, inhibiting the protondriven conversion of ADP and Pi to ATP. Indeed, loss of mgtC resulted in increased intracellular ATP at neutral and acid pH, with the greatest increase being seen at pH 4 (Fig. 3) . These findings were consistent with a role for MgtC in regulating negatively the ATP synthetic activity of ATP synthase, maintaining homeostasis at acid and neutral pH.
Based on a considerable body of prior data (Hsieh et al., 1991a (Hsieh et al., , 1991b Jensen et al., 1995; van Workum et al., 1996) it had been anticipated that the inactivation of the mgtC gene and the associated increase in intracellular ATP concentration might stimulate DNA gyrase to introduce negative supercoils into DNA molecules, especially at pH 4. This was found not to be the case. Instead, we found that DNA became relaxed both in SL1344 and its DmgtC derivative at pH 4 ( Fig. 2A and B ).
Gyrase and DNA relaxation in acid-stressed S. Typhimurium
We wished to examine in more detail the role of DNA gyrase in novobiocin-associated DNA relaxation in SL1344 and its mgtC mutant derivative during acid stress. The gyrB gene, encoding the ATP-binding subunit of DNA gyrase, was modified by site-directed mutagenesis so that it expressed a novobiocin-resistant GyrB protein containing the amino acid substitution R136C (Experimental procedures). This amino acid substitution alters the novobiocin-binding site in GyrB, making gyrase resistant to the drug (Lewis et al., 1996; Kampranis et al., 1999; Hardy and Cozzarelli, 2003) . The same mutation was also introduced into the gyrB gene of the DmgtC strain. These strains were transformed with reporter plasmid pUC18 and topoisomer profiles were examined in cultures grown at pH 7 or 4, with or without novobiocin treatment ( Fig. 2C and D) .
Both the SL1344 gyrB R136C and the DmgtC gyrB R136C cultures at pH 7 were insensitive to novobiocin treatment as dose-dependent DNA relaxation was not detected ( Fig. 2C and D, lanes 2, 3, 5 and 6 and 8, 9, 11 and 12 respectively). Nevertheless, both strains exhibited DNA relaxation at pH 4 ( Fig. 2C and D, lanes 4-6 and 10-12 respectively). At pH 7, the plasmid The ATP concentrations in wild-type and mgtC strains at pH 7 (blue) and pH 4 (red) were measured and expressed as pmol ATP per colony-forming unit. Whiskers indicate the mean and range of three biological replicates; each datum point represents a biological replicate calculated from three independent (technical) replicate measurements.
topoisomer profiles for both strains ( Fig. 2C and D, lane 1) closely resembled that of the wild-type strain SL1344 at pH 7 ( Fig. 2A, lane 1) . A modest increase in DNA relaxation (a linking number change of 11) in SL1344 gyrB R136C compared with the wild type may have arisen due to interference with ATP binding by the GyrB protein containing the R136C amino acid substitution: a reduced efficiency of ATP binding would be expected to attenuate the negative supercoiling efficiency of the mutated gyrase (Contreras and Maxwell, 1992; Hardy and Cozzarelli, 2003) . Despite the results described earlier, the source of DNA relaxing activity at pH 4 remained undetermined. It was possible that acidification of the cytosol to values in the range of pH 5-6 (Lee et al., 2013; Chakraborty et al., 2015) in bacteria growing at pH 4 might have inhibited the DNA supercoiling activity of gyrase. Alternatively, the DNA relaxation may have been due to the ATP-dependent DNA relaxing activity of topo IV. Because intracellular ATP levels were unchanged in wild-type cells at pH 7 and pH 4 (Fig. 3) , we deemed the latter to be unlikely. Nevertheless, experiments were conducted to determine which scenario best accounted for the DNA relaxation seen in cells cultured at pH 4.
Topo IV and DNA relaxation in acid-stressed S. Typhimurium Topo IV has an ATP-dependent DNA relaxation activity (Kato et al., 1992; Peng and Marians, 1993; Crisona and Cozzarelli, 2006; Bates and Maxwell, 2007; Zawadzki et al., 2015) , while DNA gyrase has an ATPindependent DNA relaxing activity (Gellert et al., 1977; Higgins et al., 1978; Williams and Maxwell, 1999) . In investigating the possible contributions of these type II topoisomerases to the DNA relaxation seen at pH 4, we took into account the fact that novobiocin inhibits the DNA supercoiling activity of gyrase but not its relaxing activity (Drlica and Snyder, 1978; Contreras and Maxwell, 1992; Gormley et al., 1996; Lewis et al., 1996; Bates and Maxwell, 2007) and that the same drug inhibits the DNA relaxing activity of topo IV (Hardy and Cozzarelli, 2003) . In both cases, novobiocin competes for access to the ATP binding domains in these topoisomerases: located in GyrB (gyrase) and in ParE (topo IV) (Gellert et al., 1976b; Sugino et al., 1978; Lewis et al., 1996; Kampranis et al., 1999; Hardy and Cozzarelli, 2003) .
The weak DNA relaxation activity of topo IV is sensitive to inhibition by novobiocin as a result of its ATPdependence; the ATP-independent DNA relaxing activity of gyrase is not affected by novobiocin (Gellert et al., 1976b; Sugino et al., 1978; Lewis et al., 1996; Hardy and Cozzarelli, 2003) . To distinguish between inhibitory effects of the drug on these two topoisomerases, an R132C substitution was made in the ParE protein of topo IV by site-directed mutagenesis of the parE gene. In the closely related ParE protein of Escherichia coli, this R132C mutation results in reduced sensitivity to novobiocin (Hardy and Cozzarelli, 2003) . The parE R132C mutation was introduced into the SL1344 wild type and its DmgtC mutant derivative and the plasmid topoisomer profiles of the resulting strains were studied in bacteria grown at pH 4 or 7 in the presence or absence of novobiocin ( Fig. 2E and F) .
The reporter plasmid topoisomer distributions in the SL1344 parE R132C strain, treated and untreated with novobiocin at pH 7 and at pH 4 (Fig. 2E) , were similar to those seen in SL1344 under corresponding growth conditions ( Fig. 2A) . In the DmgtC mutant, the presence of the parE R132C mutation did not prevent reporter plasmid relaxation in cultures treated with novobiocin ( Fig.  2F ). Taken together, these data suggest that the ATPdependent DNA relaxing activity of topo IV was not responsible for reporter plasmid relaxation in SL1344 or the DmgtC mutant.
Acid inhibits DNA supercoiling by gyrase and DNA relaxation by topo IV and gyrase in vitro Purified DNA gyrase and topo IV from E. coli were used to assay the ATP-dependent DNA supercoiling activity of gyrase and the ATP-dependent DNA relaxation activity of topo IV at neutral and at acid pH in vitro (Fig. 4) . In the presence of 1 mM ATP and at pH 7, DNA gyrase converted a fully relaxed pBR322 plasmid substrate to a supercoiled product (Fig. 4A, lane 3) . As the pH of the buffer was reduced, the DNA supercoiling activity of gyrase was progressively attenuated and became inhibited at pH 4. The ATP-independent DNA relaxation activity of gyrase was not detectable at neutral or at acid pH as long as ATP was present (Supporting Information Fig. S1 ). In the absence of ATP, gyrase relaxed a negatively supercoiled plasmid in vitro and this relaxing activity was also inhibited at low pH (Fig. 4B) .
Topo IV relaxed a negatively supercoiled pBR322 plasmid DNA substrate in the presence of 1 mM ATP at pH 7 (Fig. 4C ). This DNA relaxation activity was inhibited progressively as the pH of the buffer was lowered (Fig. 4C) . Taken together, these data show that the DNA relaxation seen in the bacteria cultured at pH 4 was not caused exclusively by an active relaxation process involving either DNA gyrase or topo IV but was due to impairment of the negative supercoiling activity of DNA gyrase by acid (Fig. 4A, lanes 5 and 6) .
Discussion
Salmonella is exposed to acid stress in the vacuole of the macrophage during infection of the mammalian host. The vacuolar milieu can achieve a pH of 4-5 with the bacterium also being exposed to inhibitory peptides and a reduction in magnesium ion concentration (Groisman and Ochman, 1997; Figueira and Holden, 2012) . Salmonella manages its response to this hostile environment in part by allowing its own cytosol to achieve a pH in the range 5-6 ( Lee et al., 2013; Choi and Groisman, 2016; Chakraborty et al., 2015 Chakraborty et al., , 2017 . The DNA-binding protein OmpR plays a leading role in this process (Chakraborty et al., 2015 (Chakraborty et al., , 2017 and mutants that lack OmpR are avirulent (Dorman et al., 1989) . OmpR positively regulates the genes in the SPI2 pathogenicity island that allow Salmonella to modify the vacuole in ways that promote bacterial survival (Cameron and Dorman, 2012; Chakraborty et al., 2015) , while negatively regulating genes required to maintain a neutral pH in the bacterial cytosol (Chakraborty et al., 2015 (Chakraborty et al., , 2017 . Binding of OmpR to its target promoters is enhanced in vivo and in vitro by relaxation of the target DNA (Cameron and Dorman, 2012; Quinn et al., 2014) . Finally, DNA in Salmonella becomes relaxed during adaptation to the low pH environment of the macrophage ( O Cr oinín et al., 2006) . Here, we have investigated the role(s) of type II topoisomerases in controlling DNA topology in Salmonella when growing in conditions that mimic those in the acidified vacuole of the macrophage. Data from experiments with reporter plasmids show that the known relaxation of DNA in the bacteria arises from a resetting of the negative supercoiling and DNA relaxing activities of DNA gyrase. Our findings are consistent with the proposal that the supercoiling/relaxation activity of DNA gyrase is the predominant element in supercoiling regulation in bacteria (Drlica, 1992) .
Variable DNA shape contributes to the setting and resetting of the regulatory landscape of the bacterial chromosome (Hatfield and Benham, 2002; Travers and Muskhelishvili, 2005; Dorman and Dorman, 2016) . In particular, DNA supercoiling exerts a pervasive influence on global gene expression patterns by affecting the binding of proteins to DNA, the interactions between different segments of DNA and any associated proteins, and by modulating the formation of transcription open complexes (Hatfield and Benham, 2002; Travers and Muskhelishvili, 2005; Cameron and Dorman, 2012; Quinn et al., 2014) .
DNA relaxation has been detected in S. Typhimurium cells resident in the vacuoles of macrophage cultured in vitro ( O Cr oinín et al., 2006). The Salmonella-containing macrophage vacuole undergoes acidification to approximately pH 4-5 due to the proton-translocating activity of the vacuolar ATPase (vATPase), helping to create an environment that is hostile to most microbial life ( Fig. 1 ) (Rathman et al., 1996; Belon et al., 2015) . The cytoplasmic membrane of the intracellular bacterium excludes the protons that accumulate in its periplasm, but these can enter the cytoplasm through bacterial protontranslocating processes such as proton-coupled transporters and proton-driven molecular machines. Among the latter is the bacterial F 1 F 0 ATPase (Senior, 1990; Senior et al., 2002; Nakanishi-Matsui et al., 2016) . This The responses of DNA gyrase and topo IV to acid pH were assessed in vitro using plasmid pBR322 as a substrate for DNA supercoiling and relaxation. (A) In the presence of 1.0 mM ATP, the negative DNA supercoiling activity of gyrase is inhibited progressively as the pH of the buffer is reduced from 7.5 to 4. (B) In the complete absence of ATP, gyrase relaxes a negatively supercoiled pBR322 plasmid substrate. This relaxing activity is inhibited progressively by reductions in the pH of the buffer. (C) The ability of topo IV to relax pBR322 in the presence of 1.0 mM ATP is highly sensitive to declining values of pH. Each gel is representative of at least two independent biological replicates. At pH 4, pBR322 plasmid DNA retained in the loading wells of the gel is likely to be indicative of acid-induced DNA damage. results in acidification of the cytosol to pH values in the range 5-6 ( Lee et al., 2013; Chakraborty et al., 2015; Choi and Groisman, 2016) .
We investigated the possibility that DNA relaxation in acid-treated S. Typhimurium resulted from a decline in the negative supercoiling activity of DNA gyrase relative to relaxing activity, arising from a fall in the bacterial intracellular ATP concentration. We shifted the bacteria from pH 7 to pH 4, following an adaptation period under mild acidic conditions (pH 5), as previously suggested to induce the acid tolerance response (Foster and Hall, 1991) , and compared DNA topology and ATP concentration in these acid-adapted cells to cells that remained at neutral pH. Our data showed that the ATP concentration in bacteria growing in medium at pH 4 was unchanged when compared to a pH 7 control (Fig. 3) . Previous work identified a role for the cytoplasmic membrane protein MgtC in modulating the activity of the Salmonella ATP synthase (Lee et al., 2013) . We found that precise deletion of the mgtC gene resulted in an increase in intracellular ATP, especially at pH 4 (Fig. 3) . However, this increase in ATP did not correlate with the introduction of more negative supercoils into the Salmonella DNA (Fig. 2) as might have been expected had the elevated ATP levels stimulated gyrase.
In considering our results, we took into account previous data showing that growth at acid pH enhances novobiocin uptake by Salmonella (Ofek et al., 1994; Pomares et al., 2013) . In a pH 7 culture, the effect of 10 lg ml 21 novobiocin was similar to the degree of relaxation seen due to acid treatment alone in the drugfree pH 4 culture ( Fig. 2A, compare lanes 2 and 4) . At pH 4, novobiocin at 10 lg ml 21 resulted in greater DNA relaxation than at pH 7. However, the extent of DNA relaxation seen in a Salmonella strain carrying a novobiocin-resistant gyrB at pH 4 (a linking number change of approximately 15 compared with the pH 7 controls) was the same with or without novobiocin treatment (Fig. 2C , compare lanes 1-3 with 4-6). Thus, DNA relaxation still occurred in an acid-stressed strain that has a novobiocin-resistant gyrase. Topo IV has an ATP-dependent DNA relaxation activity (Fig. 4) (Kato et al., 1992; Peng and Marians, 1993; Crisona and Cozzarelli, 2006; Bates and Maxwell, 2007; Zawadzki et al., 2015) . For this reason, we considered the possibility that elevated ATP concentrations in the mgtC knockout mutant might contribute to the observed DNA relaxation through the stimulation of topo IV. We exploited the fact that the coumarin antibiotic novobiocin competes with ATP for access to the ATP-binding sites in the ParE protein subunit of topo IV and in the GyrB protein subunit of gyrase (Gormley et al., 1996; Lewis et al., 1996; Kampranis, et al., 1999; Hardy and Cozzarelli, 2003) . Bacterial strains were engineered that had either a novobiocin-resistant derivative of topo IV (par-E R132C ) or gyrase (gyrB R136C ). In both mutants, exposure of the bacterium to pH 4 still resulted in DNA relaxation to an extent similar to that seen in the wild type ( Fig. 2A, C and E) . Treatment with novobiocin caused even further DNA relaxation in the parE R132C mutant but not in the gyrB R136C mutant (Fig. 2C and E) . This implicated the ATP-dependent negative supercoiling activity of gyrase as being important in the maintenance of DNA topology in the acid-treated cultures.
Experiments with purified enzymes in vitro showed that the negative supercoiling activity of gyrase is acid sensitive, with reduced activity at pH values equivalent to those found in Salmonella in acidified macrophage vacuoles (Fig. 4) . Our data show that the ATP-dependent supercoiling activity of gyrase is attenuated as the bacterium adapts to acidic stress. Previous work has indicated that Salmonella permits the pH of its cytoplasm to fall to pH 5-6 when the bacterium is exposed to acid stress at pH 4-5 during infection of the macrophage (Lee et al., 2013; Chakraborty et al., 2015 Chakraborty et al., , 2017 Choi and Groisman, 2016) . We suggest that one of the consequences of this drop in pH is a loss of ATP-dependent negative supercoiling activity by DNA gyrase. The relaxing activity of gyrase is also attenuated (Fig. 4B) . Together, these results show that low pH attenuates both the supercoiling and relaxing activities of gyrase, resetting the global level of supercoiling to a new set point that results in relaxation of chromosomal DNA in Salmonella.
The response of gyrase to low cytoplasmic pH does not override completely the response of gyrase to ATP levels because the topoisomerase retains its sensitivity to inhibition by novobiocin. This sensitivity is lost in bacteria that express the novobiocin-resistant gyrB R136C derivative of GyrB. Our data point to a tension in the response of gyrase to ATP and low pH in Salmonella during adaptation to acid: in the cytosol of the bacterium at pH 5-6, gyrase retains a diminished level of ATP-dependent negative supercoiling activity and this is sensitive to inhibition by coumarin drugs. The ATP-independent DNA relaxing activity is also diminished in the range of pH 5-6 (Fig. 4B) . These findings point to a resetting of the topoisomerase activities of gyrase in the acidified Salmonella cytosol that results in DNA relaxation relative to the reporter plasmid topologies seen in bacteria growing at neutral pH (Figs 2 and 4). We did not detect a significant role for topo IV in adaptation to low pH. Given that this topoisomerase makes a minor contribution to DNA relaxation, this is perhaps not surprising.
Fine-tuning of gyrase activity in response to the [ATP]/[ADP] ratio is important for the response of the bacterium to signals that influence metabolic flux (Balke and Gralla, 1987; Hsieh et al., 1991a,b; Travers and Muskhelishvili, 2005) . We show that acidification of the Salmonella cytosol in response to external acid stress correlates with DNA relaxation and a diminution of the negative supercoiling activity of gyrase. The impact of this DNA relaxation on the unconstrained supercoils of the chromosome will likely result in widespread effects on gene expression that will be integrated with other global and local influences on transcription and other DNA-based transactions (Dorman, 1991; Drlica, 1992; Travers and Muskhelishvili, 2005) . We showed previously that the E. coli laboratory strain CSH50 does not relax DNA in response to external acid stress (Quinn et al., 2014) . A recent finding that E. coli lab strains differ in their ability to acidify the cytosol during adaptation to low pH suggests that the CSH50 finding is strain-rather than species-specific (Chakraborty et al., 2017) .
The change in DNA topology that results from gyrase inhibition correlates with changes in the expression of genes that are required for survival in the macrophage vacuole. For example, DNA relaxation enhances the binding of the globally-acting response regulator OmpR to its DNA targets, both in the core genome of Salmonella and in the SPI1 and SPI2 pathogenicity islands and this enhanced binding can be detected both in vivo and in vitro (Cameron and Dorman, 2012; Cameron et al., 2011; Quinn et al., 2014) . OmpR makes very few base contacts with its A 1 T-rich DNA targets, relying instead on interactions with the DNA phosphate backbone to achieve an indirect readout mechanism of gene regulation (Chakraborty et al., 2015; Dorman and Dorman, 2017) . These features are shared with many other DNA-binding proteins that control the transcription of virulence genes in Salmonella and other pathogens (Dorman and Dorman, 2017) . Therefore, we propose that variable DNA supercoiling, working in combination with DNA-binding proteins that rely principally on indirect readout, helps to set and reset the transcriptional profile of the bacterium.
Experimental procedures
Bacterial strains and growth media Salmonella enterica serovar Typhimurium strain SL1344 was used throughout this study. All of the bacterial strains and plasmids used in this study are listed in Table 1 . Cells were routinely cultured in Luria-Bertani broth (10 g/l tryptone, 10 g/l NaCl, 5 g/l yeast extract in double-distilled H 2 O). Acidic growth was performed in 13 E-minimal medium (Vogel and Bonner, 1956 ), a medium that is readily buffered to acid pH, supplemented with glucose (0.4%), histidine (0.5 mM), thiamine (1 mg ml 21 ) and 0.81 mM MgCl 2 . Although greater than the 'low magnesium' concentration (10 lM) used in other studies, this concentration of magnesium ions derepresses mgtC transcription 20-fold during growth at acid pH (Quinn et al., 2014) and is 0.8% of the 'high magnesium' concentration (10 mM) used to repress magnesium-starvation-induced genes in Salmonella (Lee and Groisman, 2012) . Antibiotics were used at the following final concentrations: carbenicillin, 100 mg ml 
Culture conditions
To investigate the effects of acid on DNA topology, strains were cultured overnight in 4 ml Luria-Bertani broth at 378C with aeration. The culture optical density (OD 600 ) was adjusted to 0.05, and cells were washed three times with Reporter plasmid for DNA supercoiling; carb, tet Bolivar et al. (1977) str, streptomycin resistance; carb, carbenicillin resistance; cat, chloramphenicol resistance; tet, tetracycline resistance.
1 ml prewarmed 13 E-minimal medium (pH 7) and inoculated into 59 ml prewarmed E-minimal medium (pH 7) in a 500 ml Erlenmeyer flask. Cultures were grown to an OD 600 of 0.4 and then divided into 20 ml volumes in 250 ml Erlenmeyer flasks for treatment with acid and/or antibiotics. Some cultures were acidified to pH 5.0 using HCl, while the remaining cultures were left at neutral pH. Novobiocin at the indicated concentrations was added. After growth for 1 h, in acidic or neutral pH and in the presence or absence of novobiocin, the cultures at pH 5.0 were further acidified to pH 4.0 and grown for a further 30 min. Cells were then harvested for analysis.
Strain construction
Deletion mutant strains were constructed using the Datsenko and Wanner k-Red recombineering-mediated method of gene deletion (Datsenko and Wanner, 2000) . Type II topoisomerase novobiocin-resistant mutants were constructed by first cloning the gene of interest from the S. Typhimurium chromosome, together with the tetRA genes from transposon Tn10, into the pBluescript SK1 cloning vector using the Seamless Ligation Cloning Extract (SLiCE) method of cloning (Zhang et al., 2012) and the oligonucleotide primers listed in Table 2 . SLiCE reactions were introduced into chemically competent E. coli DH5a cells by chemical transformation and the transformants were selected on agar plates containing carbenicillin. PCR and DNA sequencing confirmed the presence of the desired gene insertions. Once confirmed, plasmids were extracted using the Qiagen miniprep kit according to manufacturer's instructions. Site-directed mutagenesis was carried out according to the Quikchange II SDM (Agilent) protocol with some variations. Briefly, pBluescript-parE_Tet or pBluescript-gyrB_Tet plasmids were used as templates in mutagenesis PCRs with Phusion high fidelity DNA polymerase. Oligonucleotides (listed in Table 2 ) were used to introduce single amino acid changes altering arginine-to-cysteine at positions 132 and 136 of the parE and gyrB genes respectively. Following the mutagenesis reaction, samples were treated with 10 U of DpnI at 378C for 2 h to digest parental plasmids and the reaction products were subsequently transformed into chemically competent DH5a cells. Mutagenesis of the parE and gyrB genes was confirmed by PCR and DNA sequencing. The mutated genes were introduced onto the S. Typhimurium chromosome using k-Red recombineering and selection for tetracycline resistance. Finally, the tetRA resistance cassette was removed in a scarless fashion using a method adapted from Figueroa-Bossi and Bossi (2015) . Briefly, oligonucleotides with overlapping sequences homologous to the site of tetRA insertion on the S. Typhimurium chromosome with singlestranded overhanging sequences homologous to the site flanking tetRA insertion on the S. Typhimurium chromosome were used to generate a double stranded tetRA replacement fragment. This fragment was integrated onto the S. Typhimurium chromosome using k-Red recombination and tetracycline sensitive colonies were selected on Bochner-Maloy agar plates, based on resistance to fusaric acid, following 24 h incubation at 428C (Bochner et al., 1980; Maloy and Nunn, 1981) . Colonies were tested for sensitivity to tetracycline and PCR and DNA sequencing confirmed removal of the tetRA resistance cassette. 
Plasmid topoisomer gel electrophoresis
The pUC18 plasmid was used to report DNA supercoiling levels in this study. Previous work has shown a good correlation between reporter plasmid topology and that of the chromosome following treatment with coumarin inhibitors of DNA gyrase (Drlica and Snyder, 1978; Pruss et al., 1982; Steck et al., 1984) . It should be noted that in the case of complex reporter plasmids (e.g., pBR322) that contain divergently/convergently arranged genes and cytoplasmic-membranedependent barriers to supercoil diffusion, changes to DNA topology resulting from alteration of RNA polymerase activity can produce results that differ from those seen in the bulk chromosome (Drlica et al., 1988; Spirito et al., 1994) . Plasmid pUC18 does not contain the source of this topological barrier (the tet gene) and its three transcription units are on the same DNA strand, eliminating convergent/divergent transcription as a source of topological change (Yanisch-Perron et al., 1985) (Table 1) . In this context, it should be noted that a previous study in Salmonella using the pBR322-like plasmid pTZ19R obtained results similar to ours (Karem and Foster, 1993) . Plasmid DNA was isolated from cultures using the Qiagen miniprep kit according to manufacturer's instructions. Plasmid topoisomers were resolved on a 1% agarose gel containing 2.5 mg ml 21 chloroquine in 23 Tris-Borate EDTA (TBE) buffer, also containing 2.5 mg ml 21 chloroquine, at approximately 3 V cm 21 for 17 h. To remove the chloroquine after electrophoresis, gels were washed for at least 3 h in tap water with gentle rocking and the wash water was replaced every 20 min. Gels were stained for 1 h with gentle rocking in ethidium bromide (1 mg ml
21
) and briefly rinsed in tap water after staining. Plasmid topoisomers were visualized under UV light. A gel without chloroquine was used in electrophoresis of pUC18 from SL1344 treated with increasing concentrations of novobiocin to demonstrate that the DNA had been negatively supercoiled and became relaxed in the presence of the gyrase inhibitor (Supporting Information Fig. S2 ).
In vitro topoisomerase assays
Purified DNA gyrase and DNA topoisomerase IV subunits from E. coli were purchased from Inspiralis (Norwich, UK). The subunits of the E. coli proteins were highly similar to their S. Typhimurium counterparts (Supporting Information Fig. S3 ) and displayed the expected ATP-dependent topoisomerase activities in our hands (Fig. 5) . Unless otherwise stated, gyrase supercoiling assays were performed using relaxed pBR322 plasmid as a substrate. The assay buffer contained 35 mM Tris-HCl (at pH 7.5, 7.0, 6.0, 5.0 or 4.0), 24 mM KCl, 4 mM MgCl 2 , 2 mM DTT, 1.8 mM spermidine, 1 mM ATP, 6.5% (wt/vol) glycerol and 0.1 mg ml 21 albumin. The pH of the gyrase buffer was further adjusted using HCl. Topo IV relaxation assays were performed using supercoiled pBR322 plasmid as a substrate. Typically, the topo IV assay buffer contained 40 mM HEPESÁKOH (pH 7.6), 100 mM potassium glutamate, 10 mM magnesium acetate, 10 mM DTT, 1 mM ATP and 50 mg ml 21 albumin. The effect of decreasing pH on topo IV relaxation activity was assayed in DNA gyrase assay buffer due to difficulties in altering the pH of the topo IV buffer. Reactions were performed in a final volume of 30 ml and were incubated at 378C for 45 min. The reactions were stopped by adding 30 ml of chloroform and 30 ml of STEB buffer (40% sucrose, 100 mM Tris-HCl (pH 8), 10 mM EDTA, 0.5 mg ml 21 bromophenol blue). The reactions were mixed by vortexing and centrifuged for 2 min at high speed. A total of 20 ml of the aqueous phase was run on a 1% agarose gel at 5 V/ cm for 3.5 h. Gels were stained for 30 min in GelRed Tm staining solution and plasmid topoisomers were visualized under UV light.
Measurement of intracellular ATP concentration
Intracellular ATP concentration was measured using the BioTek Synergy H1 plate reader. Briefly, cells were lysed using Lysing Matrix B (MP Bio) and the FastPrep-24 instrument (MP Bio) at 4.0 m s 21 for 30 s three times with resting on ice in between each round of lysis. After lysis, the cell debris was harvested by centrifugation at 4000g for 10 min at 48C and the supernatant was used directly with the bioluminescent ADP/ATP Ratio Assay Kit (Abcam) to determine the intracellular ATP concentration according to the manufacturer's instructions. Intracellular ATP levels were calculated with reference to standards of a known concentration followed by normalizing to viable cell counts. 
